We apply polarization resolved photoluminescence spectroscopy to measure the spin polarization of a two dimensional electron gas in perpendicular magnetic field. We find that the splitting between the þ and À polarizations exhibits a sharp drop at ¼ 5=2 and is equal to the bare Zeeman energy, which resembles the behavior at even filling factors. We show that this behavior is consistent with filling factor ¼ 5=2 being unpolarized. DOI: 10.1103/PhysRevLett.105.096801 PACS numbers: 73.21.Fg, 72.25.Fe, 73.43.Lp Since its discovery more than two decades ago [1], the fractional quantum Hall (FQH) state at filling factor ¼ 5=2 has been raising fundamental questions that challenge our understanding of strongly correlated two dimensional electron systems (2DES). One of the intriguing theories to describe this even denominator state was suggested by Moore and Read [2, 3] . The unique feature in this theory is that its elementary excitations exhibit non-Abelian statistics [4] . It was shown that such a non-Abelian state could be a good candidate for the realization of a topological quantum computer [5] , which triggered considerable experimental and theoretical interest. Recent measurements of the e=4 quasiparticle charge at ¼ 5=2 [6], as well as the tunneling spectra [7] , are consistent with the MooreRead theory. However, an unambiguous and direct experimental evidence for non-Abelian statistics is still missing, and other less-exotic Abelian wave functions-such as the Halperin (3,3,1) state [8]-could also fit with the current experimental data.
Since its discovery more than two decades ago [1] , the fractional quantum Hall (FQH) state at filling factor ¼ 5=2 has been raising fundamental questions that challenge our understanding of strongly correlated two dimensional electron systems (2DES). One of the intriguing theories to describe this even denominator state was suggested by Moore and Read [2, 3] . The unique feature in this theory is that its elementary excitations exhibit non-Abelian statistics [4] . It was shown that such a non-Abelian state could be a good candidate for the realization of a topological quantum computer [5] , which triggered considerable experimental and theoretical interest. Recent measurements of the e=4 quasiparticle charge at ¼ 5=2 [6] , as well as the tunneling spectra [7] , are consistent with the MooreRead theory. However, an unambiguous and direct experimental evidence for non-Abelian statistics is still missing, and other less-exotic Abelian wave functions-such as the Halperin (3,3,1) state [8] -could also fit with the current experimental data.
A key feature of the ¼ 5=2 state that could help in constructing the appropriate wave function and test the relevance of the Moore-Read theory is the electron spin polarization. The Moore-Read theory explicitly assumes a spin polarized state and this property has been confirmed by an exact numerical diagonalization performed by Morf [9] which finds a fully polarized ground state. However, the current experimental evidence gathered from tilted field measurements seems to be inconsistent with this assumption and points to a spin-unpolarized state [10] [11] [12] . The importance of this issue for the understanding of the ¼ 5=2 state calls for further experimental investigations, based on different techniques and points of view.
In this work we apply polarization resolved photoluminescence (PL) spectroscopy to measure the spin polarization of the 2DES. The ¼ 5=2 state is clearly observed in the PL data as a sharp discontinuity in the energy of the zero Landau level (LL 0 ) emission line. We find that the energy splitting between the þ and À emission lines exhibits a drop at ¼ 5=2 and is equal to the bare Zeeman splitting, which resembles the behavior at even filling factors. We show that this behavior is consistent with the ¼ 5=2 being a spin-unpolarized state. An essential ingredient in our measurement is the quality of the GaAs=AlGaAs heterostructure. The sample consists of a single 30-nm-wide GaAs=Al 0:25 Ga 0:75 As quantum well (QW) located 160 nm below the surface and doped on both sides with Si delta doping. The two delta doping were placed in narrow quantum wells, separated from the QW by an undoped Al 0:25 Ga 0:75 As layer of 80 nm thickness [13] . The sample was optimized for transport measurements in darkness, and it was clear that light illumination would change its properties. Hence, gating of the sample was essential in order to restore the electron density, and more importantly, the mobility. This was achieved by depositing a 4-nm PdAu semitransparent gate on the surface of the sample. The measurements were performed in a dilution fridge at a base temperature of 45 mK with a magnetic field applied along the growth axis of the wafer. The light source was a Ti:sapphire laser at 720 nm and the sample was illuminated through a thick optical fiber at extremely low power densities 3 W=cm 2 . The PL signal was collected by the same optical fiber through a circular polarizer. The wafer was processed into a Hall bar such that transport measurements could be performed simultaneously using a standard lock-in technique at 10.66 Hz and excitation current of 2 nA.
To characterize the sample we first performed conductivity measurement in darkness after illumination. In Fig. 1(a) we show the transverse and longitudinal resistivity, xy and xx , as a function of magnetic field at gate voltage V g ¼ À0:2 V. The density of the 2DES n e at this gate is found by Hall measurement and Shubnikovde Haas (SdH) oscillations to be n e ¼ 2:6 Â 10 11 cm
À2
with a mobility of ¼ 20 Â 10 6 cm 2 V À1 s À1 . We observe five significant fractions between ¼ 2 and 3: 11=5, 7=3, 5=2, 8=3, and 14=5. The ¼ 5=2 fraction is very well resolved, and one can clearly see a sharp minimum of the longitudinal resistivity xx and a plateau at xy ¼ 0: 
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0031-9007=10=105 (9)=096801 (4) 096801-1 Ó 2010 The American Physical Society of V g . It is seen that the density can be tuned between 2 to 4 Â 10 11 cm À2 while the mobility of the system changes between 10 to 25 Â 10 6 cm 2 V À1 s À1 . The sharp decrease of the mobility around V g ¼ 0 V characterizes the onset of the occupancy of the second QW subband.
We then performed the same measurements under laser illumination of the sample [dashed lines in Figs. 1(b) and 1(c)]. It is seen that the laser illumination depletes the QW, but this depletion can be easily compensated by applying a gate voltage. The gate voltage regime 0:4 < V g < 0:6 V seems to be optimized for the measurement, with n e ' 3 Â 10 11 cm À2 and ' 15 Â 10 6 cm 2 V À1 s À1 . A drawback of working with high positive gate voltage is the onset of a photoinduced leakage current between the gate and the 2DES. This leakage current interfered with the transport measurements and the quantum Hall data were of lower quality: the xx dip at ¼ 5=2 was less pronounced and did not go all the way to zero, and the plateau was not well resolved. Nevertheless, the SdH oscillations and the Hall measurements allowed a precise determination of the electron density under illumination. Figure 2 (a) shows a compilation of the PL spectra at V g ¼ 0:4 V as B is varied between À6 and þ6 T. The intensity of the PL is color-coded, with dark red (blue) indicating strong (weak) signal. Under applied magnetic field, the emission spectrum of the 2DES forms a Landau level fan. Each of the Landau levels splits into a spin doublet, which can be resolved by analyzing the circular polarization of the PL. For B < 0, a valence hole with J z ¼ À3=2 and an electron with S z ¼ þ1=2 recombine and emit a À photon. Similarly, a valence hole with J z ¼ þ3=2 and an electron with S z ¼ À1=2 recombine and emit a þ photon. This assignment of the light circular polarization is reversed at B > 0, and, hence, by fixing the circular polarizer and reversing the direction of the magnetic field we can measure each transition separately. In the following we shall concentrate on the main PL line, which is due to the recombination of a valence band hole with an electron from the lowest conduction band Landau level (LL 0 ).
The PL transition energy is determined by the difference between the energy of the initial and final state of the system, E PL ¼ E f À E i . The initial state consists of the 2DES at its ground state and a valence band hole, while in the final state the valence hole disappears and the 2DES contains a quasihole. While a single particle approach would predict a linear dispersion of the energy with magnetic field, the Coulomb interactions modify this behavior, and give rise to the observed nonlinear dispersion. In particular, the value of E f and E i depends strongly on , 
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096801-2 and changes significantly near integer and fractional filling factors. This gives rise to energy jumps and splittings of the PL line [14] [15] [16] [17] [18] [19] .
In Figs. 2(b) and 2(c) we show the PL spectra near ¼ 5=2. A clear and abrupt jump of the LL 0 PL energy is seen in the vicinity of 5=2 (B ¼ 5:2 T). This jump is more visible in the þ polarization, where it is manifested as a change of the spectrum from a single line at low filling factors to a doublet and then again to a single line above ¼ 5=2. This abrupt change is robust, is observed at different gate voltages, and remains visible (but less pronounced) when the temperature is increased to 170 mK. Similar changes of the line shape occur around integer filling factors and were attributed to spin-flip excitation in the final state [18] . We also note that the PL line shows a strong asymmetry with a pronounced tail at lower energies. Such asymmetry was studied near ¼ 1 and was attributed to the spin wave excitation that is created by the quasihole that is left at the final state [20] .
The understanding of this system is greatly simplified if one considers the difference between the emission energies at the two polarizations, ÁE ¼ E PL ð þ Þ À E PL ð À Þ, rather than each of these energies separately [21] . This energy difference, which we refer to as the PL spin splitting, factors out the contributions which are equal for the two spin polarizations, such as the cyclotron energy, the electron-hole direct Coulomb interaction in the initial state, and the electron-quasi-hole direct interaction in the final state.
It is useful to rewrite the PL spin splitting as ÁE ¼ ½E f ð þ Þ À E f ð À Þ À ½E i ð þ Þ À E i ð À Þ and consider the initial and final state terms separately. Let us consider first the initial state terms. Since the density of valence band holes is extremely low and the electron-valence hole exchange interaction is very small, one can neglect the many body contributions and obtain
, where g h is the heavy-hole bare Landé factor. The final state is schematically described in Fig. 3 . As can be seen the interaction energy in the final state strongly depends on the 2DES spin polarization. When the system is polarized the interaction energy of the quasihole with the electrons at the highest Landau level depends on the quasihole spin. Hence, we should get different interaction energies at À and þ . On the other hand, when the system is unpolarized the interaction of the quasihole with the 2DES is exactly the same for the two realizations, and the interaction energies at À and þ are the same. If we separate the bare Zeeman energy g e B B from the interaction term ÁAE we can write the PL spin splitting as
where ÁAE describes the difference between the interactions of the quasihole in the lowest Landau level with the electron sea in À and þ . This term was actually calculated several decades ago by Ando [22] , in the context of the enhanced g factor of a 2DES in a magnetic field. It was shown there that the term is oscillatory in , and can be written as ÁAE ¼ E 0 Â ðn " À n # Þ, where n " À n # is the spin polarization. One can see that ÁAE ¼ 0 when n " À n # ¼ 0.
An approximate value for E 0 can be obtained using the Hartree Fock approximation and neglecting the screening of the Coulomb interaction. Under these assumptions E 0 is the exchange energy e 2 ="l B , where l B is the magnetic length and " is the dielectric constant. Clearly, a more realistic model is needed to correctly account for screening and correlations in the final state [18, 23] if one wishes to quantitatively relate the spin polarization to the values of the observed splitting. Nevertheless, the fact that ÁAE vanishes when the initial state is spin depolarized should remain.
Let us turn now to the experimental results for the PL spin splitting. We first determined the energy difference, ÁE, between the peak positions of the PL lines at the two polarizations at each magnetic field. The precision of this procedure was very good at high field [see Figs. 4(a) and 4(b)] and deteriorated at low fields, where the emission line was broad; the signal to noise ratio for ÁE is 25 at B ¼ 5 T and reduces to 1 at B ¼ 1:5 T. In cases where the spectrum consists of a doublet (around ¼ 5=2 and 3) the emission energy was calculated as the center of mass of the two lines. We find that the PL spin splitting curve ÁEðBÞ has an oscillatory component which is superimposed on a constant slope of 0:12 meV=T, which is the bare Zeeman splitting, ðg h þ g e Þ B B [Eq. (1)]. Figure 4(c) shows the resulting ÁAE as a function of filling factor for V g ¼ 0:4 and 0.6 V. It is seen that ÁAE is semiperiodic in , with a period of Á ¼ 2, and minima at ¼ 2, 4, 6, and 8 [21] , in agreement with the Ando formula. Remarkably, we observe a clear dip of ÁAE at ¼ 5=2; at this filling factor ÁAE We interpret this finding as an indication that the ¼ 5=2 state is unpolarized, n " À n # ¼ 0. It is instructive to compare ÁAE at 5=2 to that of the adjacent fraction, 7=3, the first exhibiting a minimum while the other-a maximum. This difference suggests that the spin polarization of the two fractions is different, 5=2 unpolarized and 7=3 polarized. This analysis also indicates that 8=3 is unpolarized [inset of Fig. 4(c)] .
A valid question is related to the effect of the illumination on the 2DES, primarily the creation of a steady state density of valence band holes and of quasiholes in the electron gas. At the low illumination levels used in our experiment ( 3 W=cm 2 ) the estimated steady state valence band hole density is extremely small; assuming a recombination time of 1 ns we should obtain a density of $3 Â 10 2 cm À2 , which can safely be neglected. To estimate the steady state density of the quasiholes one needs the relaxation time of the 2DES to the ground state after recombination. Taking this relaxation time to be $10 À7 seconds [24] , one gets a steady state quasihole density of $3 Â 10 5 cm À2 , which is 6 orders of magnitude lower than the electron density. This small density corresponds to a net increase of the 2DES temperature by 0.2 mK, and one can therefore safely neglect this effect as well.
In conclusion, the PL data suggests that the 5=2 state is spin-unpolarized. This observation puts a tight constraint on the type of wave function that could describe this state. Our data is inconsistent with the Moore-Read theory [2] , which assumes a spin polarized state, and with the results of numerical calculations [9] . An intriguing question is whether one can construct a non-Abelian theory assuming a spin-unpolarized ground state.
We thank Ady Stern, N. Read, M. Dolev, R. Ilan, and B. Piot for fruitful discussions. This research was supported by the Israeli Science Foundation and by the Minerva Foundation. P. P. is financially supported by the EU under FP7, Contract No. 221249 ''SESAM.'' Note added in proof.
-After the submission of this manuscript we learned that recent Raman measurements have found evidence for loss of spin polarization at filling factors 8=3 and 5=2 [25], in agreement with our findings. 
